Mice lacking type XVIII collagen have defects in the posterior part of the eye, including delayed regression of the hyaloid vasculature and poor outgrowth of the retinal vessels. We report here that these mice also have a fragile iris and develop atrophy of the ciliary body. The irises of Col18a1 −/− mice can be seen to adhere to the lens and cornea. After the pupils begin to function, the double layer of epithelial cells separates at the apical cell contacts, leading to defoliation of its posterior pigment epithelial cell layer, and extracellular material begins to accumulate in the basement membrane zones of the iris. In contrast to the iris epithelia, where no clear signs of cellular atrophy were detected, the lack of type XVIII collagen resulted in atrophy of the pigmented epithelial cells of the ciliary body, and there were also ultrastructural abnormalities in the basement membrane zones. These changes did not lead to chronically elevated intraocular pressures, however. Our results indicate that type XVIII collagen is needed for the integrity of the epithelial basement membranes of the iris and the ciliary body and that its gene should therefore be taken into account as a new potential cause of anterior segment disorders in the eye.
Paraffin sections were prepared by immersion fixing of the eyes in phosphate-buffered formalin overnight at room temperature. The penetration of the fixative was ascertained by making one or more holes on the back of the globe with a needle or knife. The samples were embedded in paraffin by using routine methods, and 5 µm, or in the case of adult eyes 10 µm, sagittal sections were prepared and stained with haematoxylin-eosin.
For the immunofluorescence stainings, 14 µm frozen sections were fixed with ethanol, blocked with 3% BSA-PBS, pH 7.3, for 30 min at room temperature and stained overnight at 4°C with either the polyclonal antibody RES raised against rat endostatin (10 ng/µl), which recognizes all type XVIII collagen variants (15) , or with the Q36.4 polyclonal antibody (10 ng/µl), which recognizes the two longest variants (J. Saarela, M. Rehn, R. Heljasvaara, S. Vainio, and T. Pihlajaniemi, unpublished results). A Cy3-conjugated goat anti-rabbit secondary antibody was used (Jackson Immunoresearch Lab. Inc., West Grove, PA). BMs were visualized with antibodies to type IV collagen, laminin γ1, and perlecan (Chemicon International Inc., Temecula, CA). Tight and adherens junctions were visualized with antibodies against mouse occludin (a kind gift from S. Tsukita, Kyoto University, Japan) and cadherins (C-19; Santa Cruz Biotechnology Inc., Santa Cruz, CA), respectively.
Electron microscopy
For transmission electron microscopy, eye globes from young (8, 10, 12 and 14 days old) and adult (6 and 11 months old) control and mutant mice were opened by cutting them in two, immersion-fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide, dehydrated in acetone, and embedded in Epon LX112. Thin sections were cut with a Reichert Ultrathin ultramicrotome and examined by using a Philips CM100 device (Philips Export B.V., Eindhoven, The Netherlands).
Study of iris function
Mice were anesthetized by injecting 150 µl of a dilution of hybnorm (0.08 mg/ml) i.p. Tropicamid (5 mg/ml, Santen, Tampere, Finland) was introduced onto both eyes to dilate the pupil, and eight mice per genotype were examined under a preparative biomicroscope after 1, 2, 5, and 10 min in order to follow the iris dilatation process, and on the next day to ascertain the status of the iris.
Intraocular pressure Intraocular (IOP) was measured with an induction/impact tonometer (16, 17) modified for the small mouse eye by lowering the probe speeds and using a higher bandwidth and a higher gain instrumentation amplifier for detecting small-voltage signals. The 12.7 mg probe was set in motion at a distance of 1 mm from the eye so that its speed before impact varied in the range 90-160 mm/s. To test the effect of aging on the IOP, the mice were divided into three age groups: 3-5 weeks, 5-7 weeks and over 6 months. The variation in IOP was monitored in the same mouse eyes between the ages of 3 and 13 weeks Sedation was induced with ketamine (140 mg/kg) injected intraperitoneally, and the IOP was measured immediately. Ketamine was used due to its minor effect on IOP compared with other anesthetics (18) . To avoid artificial changes related to circadian rhythms and sex, all measurements were performed in the daytime and all the groups included both males and females. Each measurement is an average of six individual deceleration values of the probe. To present the results as millimeters of mercury, the device was calibrated with enucleated mouse eyes by cannulating the anterior chamber, whereafter the IOP was controlled by adjusting the height of a water column attached to the cannula. The variance and averages of the IOP measurements were calculated by using the Levene and t-tests, respectively. To evaluate the histopathological changes in the anterior chamber associated with both high and low IOP, the eyes were enucleated and processed by standard procedures (19) .
RESULTS

Abnormalities in the iris and ciliary body of Col18a1
−/− mice Further analysis of the Col18a1 −/− mouse eyes, described previously as showing a persistence of vitreal vessels, impaired retinal vessel growth, and separation of the vitreal matrix from the inner limiting membrane (11) , included the use of preparative biomicroscopy, which revealed abnormal fragmented edges of the irises at the adult stage (Fig. 1) . The corrugated appearance of the pupillary margin (Fig. 1C) , termed pupillary ruff, which is due to anterior extensions of the epithelial layers (20) , was absent in the Col18a1 −/− mice (Fig. 1D ). Histological sections showed that the anterior and posterior parts of the iris were separated (Fig. 2B, D) and the pigment epithelium of the iris was attached to the lens in the majority of cases and the anterior surface of the iris to the cornea in some (Fig. 2E ). The disruption of the Col18a1 −/− iris happens within a few days after the eyelids open and the pupils start to function, leading to disrupted irises in many of the mutant mice at the age of 16 days and in all of them by 24 days.
Moreover, dispersed pigment granules or pigment-containing cells could be seen in the anterior part of the mutant eyes, presumably either macrophages destroying the dispersed pigment or pigment cells from the disrupted iris. An accumulation of pigment granules was also observed in the vitreous body near the inner border of the retina in some cases (Fig. 2E, F) . These pigment precipitates could not be seen in young mice.
Another clearly abnormal eye structure in the adult Col18a1 −/− mice was the ciliary body, which lacked its distinctive curved shape (Fig. 2C, D) , even though the ciliary bodies of young Col18a1 −/− mice (24 days old) were comparable with those of the control mice at the light microscopy level (not shown). The first signs of changes in the ciliary processes could be seen at the age of 7 weeks, but some had no such changes even at 15 weeks. All the adult mice studied developed defective ciliary processes with time. The optic nerve heads of the adult Col18a1
eyes did not differ from those of the control eyes and showed no signs of abnormal cupping (not shown).
Ultrastructural analysis of the iris
The abnormalities in the Col18a1 −/− iris and ciliary body were further studied by transmission electron microscopy. The iris is composed of an anterior surface, the iris stroma and two layers of pigment-containing epithelial cells at the posterior surface. The epithelial layer closest to the stroma is the anterior myoepithelium, which constitutes the dilator muscle of the iris, and facing the posterior chamber is the posterior pigmented epithelium. The 10-day-old Col18a1 −/− mice, with their eyelids still closed, had both iris pigment epithelial cell layers present and identical to the controls (Fig. 3A, B) . The pigment epithelial cells were adhering to each other both apically and laterally in the mutant and control irises, and lumina were seen between the two epithelial cell layers in both (Fig. 3A, B) . The BM between the stroma and the epithelium showed no signs of thickening at this point (not shown). However, as shown for the 14-day-old null mice (Fig.  3C, D) , the posterior pigment epithelial cell layer begins to detach from the anterior cell layer at the site of apical cell contacts at this stage. Fragments of pigment epithelial cells can be seen between the two opposing pigment epithelial cell layers, as a sign of these being torn apart (Fig.  3C ). In the adult null mutant eyes, the two pigment epithelial cell layers were ruptured apically along the cell membranes (Fig. 3F) , with fragments of a pigment epithelial cell from the posterior layer occasionally detectable. The lateral cell contacts in the remaining pigment epithelium were intact (not shown). No evident signs of accumulating extracellular material could be observed in the posterior iris BM, which had been retained with the detached posterior epithelium cell layer (not shown), while the BM region between the layers and the stromal part of the iris showed marked accumulation of extracellular material (Fig. 3F) . The anterior part of the iris appeared to be normal in other aspects in the null mice, although in some cases it was attached to the cornea (Fig. 2D, E) . The myoepithelial extensions of the anterior pigment epithelial cell layer were detected in the type XVIII null mice and showed no apparent differences compared with the wild-type (Fig. 3G, H) . The BM zones of the iris capillaries appeared to be somewhat broader in most samples from null mice than in the wild-type (Fig. 3I,  J) . The apical cell-cell contacts of the pigment epithelial cell layers in the iris contained gap junctions and adherens junctions (Fig. 4A, C) , but no desmosomes were present at either the apical or lateral cell contacts in the wild-type. Gap and adherens junctions had also formed in the type XVIII null mice, as shown for the apical cell contacts of the pigment epithelium of a young mouse (Fig. 4B, D) .
Ultrastructural analysis of the ciliary body
Although light microscopy did not reveal any apparent changes in the ciliary processes of the young null mice, electron microscopy of ciliary bodies from 12-day-old mice already showed a decreased number of basal infoldings of the ciliary epithelium (Fig. 5A, B) . Ultrastructural studies of the ciliary body revealed a less clearly discernible BM zone in the pigmented epithelium of the null mice (Fig. 5C, D) , whereas the BM zone of the non-pigmented epithelium did not show any striking difference compared with the wild-type at this point (not shown). The BM zones of the ciliary body capillaries in the young null mice contained some signs of abnormalities, but in most cases no obvious changes could be detected (Fig. 5E, F) .
The ciliary processes of the adult Col18a1 −/− mice were rudimentary, with loss of cavities, and the basal epithelial infoldings were flattened, which resulted in a decrease in the surface secreting aqueous humor ( Fig. 6A, B ). Both the pigmented and non-pigmented epithelial cell layers were present in the null eyes ( Fig. 6B ). Ultrastructural studies of the adult ciliary body BMs revealed more loosely organized BM zones in the pigmented ciliary epithelium and ciliary capillaries of the null mice than in the wild-type mice ( Fig. 6E-H ). The BM of the nonpigmented ciliary epithelium in some animals also showed an accumulation of additional material compared with the controls (Fig. 6C, D) , whereas others were comparable with the wild-type.
Immunofluorescence studies of the iris and ciliary body
To relate the phenotypic changes observed in the Col18 −/− mice to the normal occurrence of type XVIII collagen, we examined the location of this collagen in the iris and ciliary body. The RES antibody recognizing the C-terminal endostatin domain gave immunosignals in the BM zones of the epithelium and capillaries of the iris and ciliary body (Fig. 7A, C) , whereas the antibody recognizing the two longest variants gave immunosignals in the same areas of the iris, but only in the BM zone of the non-pigmented epithelium in the ciliary body ( Fig. 7B, D) .
The changes observed in the BM zones of the null mice prompted us to visualize these structures with antibodies against prominent BM components. By using an antibody against perlecan, the null iris showed an increased immunosignal in the BM separating the stroma from the pigment epithelium compared with the controls, implying accumulation of extracellular matrix material in this area (Fig. 8A, B) . The same result was obtained by using antibodies against the laminin γ1 chain (Fig. 8E , F) and type IV collagen (data not shown). A more pronounced immunofluorescence signal could be detected in the iris capillary BM zone in some of the type XVIII null samples, coinciding with accumulations of extracellular material observed at the ultrastructural level ( Fig. 3F ), whereas in some cases there was no clear enhancement of the immunosignal for the BM components ( Fig. 8B, F) .
Although electron microscopy revealed an accumulation of extracellular material in the BM zones of the ciliary body pigmented epithelium and capillaries, no difference in the immunosignals for the perlecan antibodies at the light microscopy level could be detected in the ciliary body BM zones (Fig. 8C, D) . Although some of the null samples showed an elevated immunosignal for the laminin antibody in the ciliary body BM zones, most of the null samples did not differ from wild-type ones ( Fig. 8G, H) . The discrepancies between the immunofluorescence and electron microscopy findings are most likely due to the insufficiency of the immunofluorescence and light microscopy methods for detecting all of the ultrastructural changes. The immunosignals for occludin and cadherin did not differ between the Col18a1
and wild-type irises, which suggests that disruption of the iris is not caused by changes in the protein composition of either the tight or adherens junctions in the iris pigment epithelium (data not shown).
Functioning of the Col18a1 −/− mouse iris
Col18a1 −/− and control mouse pupils were dilated with tropicamid eye droplets in order to test the effect of the pigment epithelial separation on dilation of the pupil. The pupils of the adult Col18a1 −/− mice could dilate to their extreme positions without any apparent signs of functional failure in the iris (Fig. 1B, D) , and they were also able to contract to their normal proportions after the treatment (not shown)
Intraocular pressures
We considered it possible that the ciliary body atrophy might reflect an increase in IOP, possibly generated by a blockage of intraocular fluid drainage via Schlemm's canal due to the fragmented iris. Hence IOP measurements were started at the ages of 3-4 weeks, when practically all the null mice had developed disrupted irises. A non-invasive induction/impact tonometer was used, allowing repeated measurements on the same mice.
The medians for IOP were no higher in the null mice than in the wild-type mice in any of the age groups (Fig. 9A ), but 10 % of the null mice in the age group 3-4 weeks showed an elevated IOP relative to wild-type values (Fig. 9A) . Interestingly, weekly follow-ups of the same individuals showed the variances in IOP to be higher in the young mutants than in the wild-type mice (Fig.  9B) , probably reflecting the morphological changes in the anterior chamber and occasionally leading to closure of aqueous humor circulation to the trabeculum (Fig. 2D, E) . Most notably, the average IOP was lower in the mutants than in the wild-type mice at ages of 5-7 weeks and over 6 months, probably reflecting poor functioning of the atrophied ciliary bodies (Figs. 2D , 5B, and 6B).
DISCUSSION
The critical role of type XVIII collagen in the development and function of the eye was emphasized by the identification of defects affecting the anterior segment. Having described previously changes in the posterior part of the eye in type XVIII null mice, including delayed regression of the hyaloid vasculature, poor growth of retinal vessels, and separation of the vitreal matrix from the inner limiting membrane (11), we report here that the lack of type XVIII collagen results in a defective iris with separation of the two pigment epithelium layers and in atrophy of the ciliary body and a decrease in IOP with age. Several of the BM zones appeared to be somewhat broader in the null mice than in the controls, and there were signs of the accumulation of extracellular matrix material. This was particularly clear in the BM zone between the iris epithelia and stroma and in the BM of the pigmented ciliary epithelium. Pigment deposits can be found both in the anterior part of the eye and along the retina-vitreous border, indicating damage to the pigment epithelial cells. The nodules of the pupillary margin are also missing as a consequence of epithelial iris disruption. These defects are probably not due to a lack of antiangiogenic properties in the endostatin domain of type XVIII collagen, but rather point to a role for this collagen in the integrity of the epithelial BMs of the iris and ciliary body.
The irises of Col18a1 −/− mice can be seen to adhere to the lens and the cornea. This, together with the fact that disruption of the iris starts to take place within a few days after the eye lids open and the pupils start to function, suggests that mechanical stress forces the double layer of pigment epithelial cells to separate. The apical cell contacts of the opposing epithelial cell layers are known to consist mainly of gap junctions that do not intensively support the adhesion of the two epithelial cell layers (21) . Some desmosomes can also be found in the apical surfaces between the iris epithelial cells in human and rhesus monkey eyes (20, 21) . The lateral cell-cell contacts also contain tight junctions, and they are altogether longer than the apical intercellular contacts and are more likely to be stronger (21). Thus we consider it more likely that the apical contacts will disrupt first under mechanical pressure. In our studies apical desmosomes were not readily detected in either wild-type or null mice, while the apical gap and adherens junctions were found to develop in the type XVIII null mice in a similar manner to those in wild-type mice, excluding the possibility that the disruption may take place due to absence of these junctions. Further work will be needed to delineate the exact mechanism whereby the iris ruptures. The BM zones of the iris epithelia, the lens capsule, the hyaloid vessels, and the inner limiting membrane normally contain type XVIII collagen. As witnessed by the enhanced adhesion of the posterior iris epithelial cell layer to the lens in the type XVIII null mice and the increased adherence of the hyaloid capillaries to the retina (11), lack of type XVIII collagen appears to render the BMs of the affected structures prone to adherence to neighboring structures. This may suggest that type XVIII collagen restricts the interaction of BM molecules with molecules located in other BMs. This apparent increased adhesion combined with the increased mechanical force associated with iris function could cause rupturing of the double layer of the iris epithelium in the absence of type XVIII collagen. It is also possible that the lack of this collagen may directly affect epithelial cell-BM interaction, which may cause weakening in the cell-cell contacts through intracellular changes.
Interestingly, ultrastructural analysis revealed an accumulation of extracellular matrix material in the BM zones of the iris and the ciliary body in the type XVIII null mice. Immunofluoresence staining of the ubiquitous BM molecules perlecan, type IV collagen, and laminin γ1 gave systematically stronger signals in the BM zones between the iris pigment epithelia and stroma in the null mice than in the wild-type, and some of the iris capillary BM zones also showed increased immunosignals. The lack of any obvious changes in the immunosignals of these molecules in the other BM zones studied most probably reflects the insensitivity of the immunofluorescence and light microscopy approaches for detecting all the changes that could be observed ultrastructurally. However, it may imply that the changes in the BM zones, where an increased immunosignal was detectable, were more pronounced than those in the BMs, where changes were detectable only ultrastructurally. Our recent studies indicate that a lack of type XVIII collagen also causes ultrastructurally visible changes in the BMs of other tissues as well, such as the liver and kidney (A. Utriainen, R. Sormunen, R. Ylikärppä, and T. Pihlajaniemi, manuscript in preparation).
The BM between the iris stroma and the pigment epithelia is the only one studied here that is under constant mechanical stress due to mydriasis and miosis. We suggest that mechanical stress has an enhancing role in the accumulation of matrix material in this BM zone. The BM of the iris in young null mice did not differ from that in the controls, whereas the BM zone of the pigmented ciliary epithelium already appeared to be somewhat abnormal at this stage. This may reflect the different functional roles of these BMs, or the fact that the short form of type XVIII collagen was the predominant one and the long N-terminal variants of this collagen appeared to be lacking in the pigmented ciliary epithelium, although detectable in the iris BMs. Thus the consequences of the lack of this collagen may also depend on the variants normally occurring in the different tissues. The roles of the short form, derived from the use of promoter 1 of the gene, and the long variants, derived from the use of promoter 2 (4), can be tested in further experiments upon specific inactivation of only one of the two promoters. It is known that the Cterminal NC1 domain of type XVIII collagen and the NC1-derived endostatin domain can interact with several BM components in vitro (22) . Furthermore, the N-terminal half of the molecule contains several glycosaminoglycan side chains (23) . Thus it is conceivable that type XVIII collagen may be involved in molecular interactions with some other matrix molecules, and that lack of this collagen disturbs the normal structure of the BMs, as observed here.
We did not observe any differences between wild-type and null mice in the iris sphincter muscles. The myoepithelial extensions of the anterior pigment epithelium of the iris form the dilator muscle of the pupil, and these extensions are comparable in the type XVIII null mice and the wild-type. This agrees well with the ability of the mutant iris to dilate and contract. The lack of nodules at the distal pupillary margin in the type XVIII null mice was not due to a decreased number of pigment epithelial cells. These nodules normally comprise the anterior extensions of the pigment epithelia. In our opinion the lack of these nodules reflects the detachment of the posterior pigment epithelium.
In contrast to the iris epithelia, where no clear signs of cellular atrophy were detected, the lack of type XVIII collagen results in atrophy of the ciliary non-pigmented epithelial cells. The number of basal infoldings in this epithelium is already decreased in young mice, and because the BM zones of the non-pigmented and pigmented ciliary epithelium showed signs of an accumulation of matrix material, we suggest that these abnormal BMs cannot fully support epithelial cell function and may possibly alter the outflow of aqueous humor. Altogether, our findings indicate that type XVIII collagen is needed for the normal development of the ciliary body.
Morphological changes, such as rupture of the iris, atrophy of the ciliary body, dispersed pigment fragments in the anterior chamber, and obstruction of the chamber angle, have previously been linked to changes in IOP (24, 25) . When considering the functional consequences of the findings in the present Col18a1 −/− mice, in spite of the fact that the abnormal irises could dilate and contract, it should be borne in mind that the pupils may react at an abnormal speed, thus causing a deterioration in eyesight. Furthermore, the atrophy of the ciliary body is likely to lead to impaired production of aqueous humor and thereby affect lens accommodation. The presence of dispersed pigment granules in the anterior and posterior chambers, and the attachment of the iris to the cornea, may cause occasional closure of the trabeculum and lead to disturbances in liquid circulation. As the production and outflow of aqueous humor are affected, there is a possibility that angle closure glaucoma may develop. We therefore measured the IOP using a non-invasive induction/impact tonometer, which allowed monitoring of the same mice on a weekly basis. This method could be used as soon as the eyelids had opened, allowing measurements from the third week onwards.
A trend for diminished IOP with aging was observed in wild-type C57BL mice, coinciding with previous findings (26, 27) . The IOP was not chronically elevated in any age group of the Col18a1 −/− mice, a fact that is consistent with the lack of optic nerve cupping and suggests that the ciliary body atrophy is not a consequence of a high IOP as it is in the case of DBA/2J mice, which develop a progressive form of secondary angle closure glaucoma (25, 28, 29) . The variations in IOP were found to be higher in the young Col18a1 −/− mutants, however, probably reflecting the morphological changes in the anterior chamber; whereas once the mice have grown older and all the morphological changes have accumulated and, most importantly, the ciliary body has atrophied to a significant degree, the IOP values will stabilize at a lower level. We conclude that the ciliary body atrophy and associated epithelial cell changes directly reflect the type XVIII collagen deficiency in the underlying BM.
Characterization of patients with Knobloch syndrome revealed mutations affecting either the short form of type XVIII collagen or all its isoforms (9, 10). Altogether 35 patients from 12 families have been described with this rare autosomal recessive disorder that is characterized by several eye findings in addition to occipital encephalocele (9, 10, 12, 30) . Although there is some clinical variability among the patients, an explanation based on structural changes in the inner limiting membrane and the BM of the VHP has been put forward for the observed high myopia, vitreoretinal degeneration, and retinal detachment (11) .
Iris abnormalities referred to as iris atrophy have been reported in some of the patients with Knobloch syndrome (31), whereas others have been reported to have normal irises (30) . One of the patients had a poorly dilating pupil and developed glaucoma in the course of time (31), whereas others lacked any detailed ophthalmological examination or else this had not included measurements of IOP (30, 31) . The lack of histological data on Knobloch patients hinders any detailed comparison of their irises and ciliary processes with the findings obtained in type XVIII collagen null mice. Furthermore, it is likely that the clinical variability may reflect the nature of the underlying mutations. It is also conceivable that mutations affecting the synthesis of one of the three forms of type XVIII collagen may result in milder defects than those affecting all variants (9, 10).
Disorders affecting the anterior eye segment include the Axenfeld-Rieger syndrome and a variety of overlapping phenotypes sharing some of its clinical features, such as the Rieger syndrome, the iridogoniodysgenesis syndrome, iris hypoplasia, Peters' anomaly, the pigment dispersion syndrome, and familial glaucoma iridogoniodysplasia (32, 33) . Characterization of the underlying mutations has shown that different mutations in one gene can cause different degrees of abnormality, and great variability can be observed even in phenotypes occurring within a single family. Furthermore, mutations in different genes can cause similar changes in the eye phenotype. The mutations causing the Axenfeld-Rieger syndrome, for example, have been mapped to 4q25, 6p25, and 13q14, and patients with Peters' anomaly have abnormalities such as deletions in chromosomes 4, 11, and 18, translocation between chromosomes 2 and 15, and a ring chromosome 21 (32, 34, 35) . All in all, mutations in the transcription factor-encoding genes FKHL7, at 6p25 (36, 37), PITX2/RIEG1, at 4q25 (38, 39) , and PAX6, at 11p13 (40, 41) , have been demonstrated in several of the disorders, but other affected genes remain to be identified in various associated loci (32, 35) .
The fact that the three variant α1 chains of type XVIII collagen are derived from the use of two alternative promoters and alternative splicing associated with one of the promoters (4) makes it highly possible that mutations in this collagen, or the lack of one, two, or all three variants, may lead not only to Knobloch syndrome but also to other disorders affecting the eye. Indeed, in view of the Col18a1 −/− mouse phenotype, the type XVIII collagen gene should be considered a new candidate causal factor for anterior segment eye disorders. The human gene for type XVIII collagen is located at 21q22.3 and thus may be implicated in Peters' anomaly, which is characterized by central corneal opacification, absence of the posterior corneal stroma and Descemet's membrane, and a variable degree of iris and lenticular attachment to the cornea. A further intriguing possibility is that this gene may be regulated by some of the transcription factors known to undergo mutation in various eye anomalies. This may lead to decreases in type XVIII collagen expression, and thus some of the transcription factor defects could be due to insufficient levels of the collagen, which has been shown here to be important for anterior ocular structures. A) The wild-type iris has a well-defined structure, whereas the Col18a1 null iris (B) has attached to the lens (inset) and is ruptured (arrow). A short intact area in this iris is indicated (asterisk). C) The wild-type ciliary body has distinctive ciliary processes (arrows). D) The Col18a1 null ciliary body processes are rudimentary (arrow). The iris is also adhering to the cornea in this sample (asterisk). E) The iris of a Col18a1 null mouse has attached to the cornea (asterisk), and its structure is abnormal in that it contains dispersed pigment deposits (thin arrows) and a disorganized stroma (thick arrow). F) A persisting hyaloid vessel and accumulated pigment granules (arrow) near the retina in a Col18a1 null mouse. Abbreviations: I; iris, Cb; ciliary body, L; lens, A; anterior chamber, C; cornea, R; retina. Toluidinblue staining (A, B) , hematoxylin-eosin staining (C-F). A) Luminal spaces can be detected between the epithelial cell layers in an eight-day-old wild-type mouse (asterisks). B) Both epithelial cell layers are still present in a 10-day-old Col18a1 null mouse. The lumina between the epithelia cell layers are indicated (asterisks), and a capillary with a red blood cell can be seen in the stroma (arrow). C) The posterior pigment epithelial cell layer in a 14-day-old Col18a1 null mouse (PPE, arrow) has become detached from the anterior myoepithelial cell layer (AME). Sites where the two cell layers are still in contact are indicated (asterisks). D) Part of the posterior pigment epithelium in a 14-day-old Col18a1 null mouse has become detached (arrow), whereas another part is still attached to the anterior epithelial cell layer (asterisk). E) Two layers of pigment epithelium can be seen in the iris of an adult wild-type mouse. The area between the epithelium and the stroma is indicated (arrow). The pigment granules are larger in size in the pigment epithelia than in the stromal melanocytes. Luminal spaces occur between the apical cell junctions in the pigment epithelium (asterisks). The area of a BM subadjacent to the posterior pigment epithelial cell layer is indicated (arrowhead). F) The posterior pigment epithelial cell layer in an adult Col18a1 null mouse has become detached from the anterior pigment epithelium (asterisks). There is marked accumulation of extracellular matrix material between the pigment epithelium and the stroma (arrow). G) There are myoepithelial extensions of the anterior pigment epithelial cells forming the dilator pupillae between the epithelium and the stroma in the adult wild-type iris (arrows). H) The myoepithelial extensions in the Col18a1 null iris exist in a manner similar to the wild-type mice (white arrows), but there is an accumulation of extracellular material (black arrow). I) The lamina densa of the capillary endothelial BM in the wild-type iris is indicated (arrows). J) The endothelial BM of the Col18a1 null iris appears to be broader than in wildtype mice (arrows). Abbreviations: PPE, posterior pigment epithelium; AME, anterior myoepithelium; S, stroma; En, endothelium. The number of basal infoldings in the non-pigmented ciliary epithelium is already lower in the Col18a1 null mice than in the wild-type at a young age. The basal surface exhibits a flattened appearance (arrows). C) The BM of the wild-type pigmented ciliary epithelium has a delicate, clearly delineated structure. The lamina densa is indicated (arrows). D) The BM zone of the pigmented epithelium in Col18a1 null mice is broader in appearance (arrows). E) The BM of the capillary endothelia in the wild-type ciliary body (arrows). F) Some Col18a1 null mice had signs of extracellular material accumulating in the capillary BM, but no obvious thickening of this BM compared with the wild-type was observed in most samples (arrows). Abbreviations: Ep, epithelium; En, endothelium; V, vitreous. E) The lamina densa of the pigmented ciliary epithelium BM in an 11-month-old wild-type mouse (arrows).
F) The pigmented ciliary epithelium BM in a Col18a1 null mouse appears to be broader and less sharply delineated (arrows). G, H) The BMs of capillary endothelia. G) The lamina densa of the endothelial BM in a wild-type 11-month-old mouse (arrows). H) The endothelial BM appears to be broader in some areas in a six-month-old Col18a1 null mouse (arrows). Abbreviations: Ep, epithelium; En, endothelium; V, vitreous. The intensity of the perlecan immunosignal in the capillary endothelial BM is increased in many of the Col18a1 null mice as compared with the wildtype (arrows), whereas no difference in the immunosignal level could be confirmed in others. Many of the null samples also had an enhanced immunosignal for perlecan in the BM between the stroma and the epithelium, apparently due to the accumulation of matrix material, as shown in Fig. 3F (arrowheads and insert) . C) The perlecan immunosignal is localized to the BM zones of the ciliary body epithelia and capillaries in the wild-type mouse (arrows). D) Although an accumulation of matrix material can be seen in the BM zones of the ciliary body epithelium at the ultrastructural level, the perlecan immunosignal in the Col18a1 null mice is comparable with that for the wild-type (arrows). E) The laminin γ1 immunosignal in the BM zones of the iris epithelia and capillaries (arrowheads and an arrow, respectively). F) The BM zone between the stroma and epithelium occasionally shows an increased immunosignal for laminin γ1 in the Col18a1 null mouse (arrowheads), whereas most of the immunosignal in the capillary BM zone is comparable with the wild-type (arrows). G) The immunosignal of laminin γ1 in the wild-type ciliary body is localized to the BM zone (arrows). H) The laminin immunosignal in the Col18a1 null mice is comparable with the wild-type in most cases, but some of the mutant samples, such as this one, show an increase in this respect (arrows). Abbreviations: P, posterior chamber; A, anterior chamber; V, vitreous; L, lens. 
